Nutritional condition is an important determinant of productivity and survival in caribou (Rangifer tarandus). We used samples of excreta (n 5 1,150) to estimate diet composition from microhistology and 2 isotopic proxies of protein status for 2 ecotypes of caribou in 4 herds in late winter (2006)(2007)(2008). Isotopes of nitrogen 15 N, p-UN, and D body-urea by ecotype, herd, year, and foraging site. Multiple regression and an information-theoretic approach were used to evaluate correlates of protein status at each foraging site. The dietary and terrain characteristics of foraging sites did not vary by ecotype or herd (P . 0.108); diets were dominated by lichens (68% 6 14.1% SD). The d 15 N of urea, diet, body N, p-UN, and D body-urea varied among foraging sites within each herd (P , 0.001). Although highly variable, the d 15 N of urinary urea was typically low (24.68% 6 2.67% SD). Dietary N also had low d 15 N (24.18% 6 0.92% SD), whereas body N was generally heavier in 15 N (2.20% 6 1.56% SD) than urinary urea or the diet. Both measures of protein status were similarly diverse between ecotypes and among herds, which limited their applicability to monitor protein status at the population level. Although we observed limitations to interpreting estimates of p-UN from highly vagile ungulates, the D body-urea may prove to be a useful index of protein status at smaller spatial and temporal scales. Indeed, a portion of the observed variance (r 2 5 0.26) in D body-urea at each foraging site was explained by the proportion of shrubs in the winter diet. There remains potential in using d 15 N in excreta as a noninvasive tool for evaluating protein status in northern ungulates; however, considerable analytical and sampling challenges remain for applying these isotopic approaches at large scales.
North America and Eurasia are tasked with monitoring the status and trends of caribou populations. Challenges of monitoring include establishing adequate baseline conditions and identifying population parameters that are cost effective and indicative of population trajectories (Klein et al. 2005) .
The nutritional condition of individuals is an important determinant of productivity in caribou (Adams and Dale 1998; Cameron and Ver Hoef 1994) . High seasonal variation in plant productivity in the north accentuates the need for caribou to replenish stores of fat and protein (Oftedal 2000) during a short growing season for winter survival (Chan-McLeod et al. 1999; Parker et al. 2009 ). The ability to acquire adequate fat stores helps meet the energetic rigors of winter (Adamczewski et al. 1987) , whereas the dynamics and availability of body protein may be a critical constraint for reproduction (Barboza and Parker 2008) . Thus, incorporating assessments of protein status of individual animals in late winter would aid in the monitoring and management of populations (Franzmann 1985) .
Isotopes of nitrogen (d 15 N in parts per thousand [%]- Gannes et al. 1997 ) in feces and urine can be used to assess protein status in caribou by evaluating relative contributions of body protein and dietary N to urinary urea N (Barboza and Parker 2006; Gustine et al. 2011a ). Nitrogen balance is synonymous with protein balance in animals: N is gained from the diet in positive balance as N is incorporated in body protein but lost from the body when dietary N intake is inadequate to maintain body protein during a negative balance ). Urea in urine is derived from 2 sources of N: dietary and body proteins (Fig. 1) . Dietary proteins are typically depleted in 15 N compared to body proteins (Caut et al. 2009; Kelly 2000) . As animals rely more heavily on body proteins to meet metabolic demands, the d 15 N of urea increases (Barboza and Parker 2006; Parker et al. 2005) . With estimates of d 15 N of diet and body proteins, a linearmixing model can be used to estimate the contributions of N from the diet and the body to urea (Barboza and Parker 2006) . Urinary creatinine is a waste product of creatine phosphate metabolism in skeletal muscle ) from which the d 15 N is used to estimate the d 15 N of red blood cells (body proteins). Fractions of plant fibers in fecal samples can be used to estimate d 15 N of the diet (Gustine et al. 2011a ). Rangifer demonstrates considerable behavioral and physiological plasticity to surviving and reproducing in northern environments. Behavioral adaptations are primarily in response to changes in food availability and the risk of predation (e.g., migratory and sedentary ecotypes -Bergerud 1996) . Population trajectories of caribou often have been linked to forage resources, especially for migratory populations that annually range over large areas and commonly occur at high localized densities (Couturier et al. 2009 ). Conversely, sedentary populations have smaller annual ranges, occur at lower densities, and are typically less constrained by forage availability but suffer heavy predation on neonates (Adams et al. 1995; Jenkins and Barten 2005) .
We present the 1st attempt to apply isotopic approaches using N signatures in urine and feces to assess protein status of free-ranging caribou, including migratory (Central Arctic [CAH] and Western Arctic [WAH] herds) and sedentary (Denali [DH] and Chisana [CH] herds) ecotypes. Our objectives were to document the patterns and variances in d 15 N of urinary metabolites and feces of caribou over various spatial and temporal scales; to identify and discuss any potential nutritional constraints or correlates by ecotype or herd; and to assess the applicability of isotopic metrics of protein status as a monitoring tool for northern ungulates. We used fecal and urine samples from each herd (2006) (2007) (2008) to estimate diet composition and diversity and 2 proxies (the proportion of urea N derived from body N [p-UN] and the difference between the d 15 N of the body and urinary urea [D body-urea ]) of protein status. We compared characteristics of foraging sites, isotopic parameters, and proxies of protein status by ecotype, herd, year, and foraging site. We expected that migratory caribou herds would be in poorer protein status than sedentary populations. Additionally, characteristics of foraging sites (i.e., elements of diet and terrain) were used to examine variance in each proxy of protein status.
MATERIALS AND METHODS
Study areas.-Groups of caribou were sampled in the eastcentral Brooks Range in northern Alaska (CAH); along the Kobuk River and in the Nulato Hills of western Alaska (WAH); in the Wrangell-St. Elias ranges of Alaska and Yukon, Canada (CH); and on the north slope of the Alaska Range in central Alaska (DH; Fig. 2 ). Wintering areas for each herd have been described for the CAH (Lenart 2009),
FIG.
1.-A conceptual model for using isotopic ratios of N (d 15 N) in excreta to estimate the proportion of urinary urea N that is derived from body N (p-UN) to determine N status (as in Gustine et al. [2011] ). We derived the relationship between d 15 N of urinary creatinine and body N and discrimination factors (i.e., D urea 5 depletion of urea from dietary N for animals in positive N balance; D fiber 5 the enrichment of residues of plant fiber in feces above dietary N) from captive caribou and reindeer.
WAH (Ballard et al. 1997) , CH (Gustine et al. 2011a) , and DH (Adams 2005) .
Sample collection and processing.-Samples of excreta were collected during late winter from foraging sites used by 4 caribou populations (Table 1) . We focused sampling efforts in the wintering areas of radiocollared female caribou where access by aircraft or snow machine was feasible. Sampling sites (also referred to as foraging sites) were areas where groups of caribou had recently foraged or bedded (as determined from presence of caribou, timing of last snowfall, or condition of foraging craters). We assumed that the sampled sites were independent replicates of each herd for that year of collection. Sampling of excreta was distributed over the estimated extent of each foraging site (,200-1,000 mDelGiudice et al. 1989) . Collection, handling, and storage of urine in snow samples and subsequent isolation of urinary urea and creatinine were as in Gustine et al. (2011a) .
Feces were used to index diet composition and diversity and estimate d 15 N diet . We dried fecal samples to a constant mass in a forced-air oven at 50uC. A composite sample of feces was created for each foraging site to estimate the proportion of plants within forage groups in the diet. Composite samples (Table 1) were created by randomly selecting 5-10 pellets from each fecal sample collected at a site. The Wildlife Habitat Nutrition Laboratory (Washington State University, Pullman, Washington) performed the microhistological analyses on the composite samples (plant species . 5% in diet at 150 views). We used the apparent dry matter digestibility of forage groups for caribou (Boertje 1981) to correct the relative density of plant fragments for the differential digestion of forages (Leslie et al. 1983) . Diet composition was estimated for the following major groups of forage in the diets of caribou: lichens, mosses, graminoids (Carex and grasses), forbs (including Equisetum), evergreen shrubs, and deciduous shrubs. The Shannon-Wiener index (H9-Krebs 1989) was used to estimate the diversity of the diet from the reconstructed diets of the foraging sites. As in Gustine et al. (2011a) (Gesch 2007 ; Yukon Department of Environment 2009). A vector ruggedness measure was estimated at a fine (0.18-km) and coarse (1-km) scale (Sappington et al. 2007) .
To minimize the number of comparisons among correlated variables of diet and terrain (Gotelli and Ellison 2004) , we used standardized principal component scores from the 1st (PC1) and 2nd (PC2) axes to create variables for characteristics of diet and terrain for each foraging site. Primary (PC1 diet) and secondary (PC2 diet) characteristics of diet were estimated from the proportion of each forage group in the diet and diet diversity. We derived primary (PC1 terrain) and figure 7a ), because isotopic mixing models are highly sensitive to discrimination factors (Caut et al. 2009; Wolf et al. 2009 ) and this metric does not require an estimate of d 15 N diet . We assumed that larger values for D body-urea indicated an adequate supply of dietary protein, whereas lower values indicated an inadequate supply of dietary protein and, subsequently, the catabolism of body protein.
Statistical analyses.-Parametric and descriptive statistics were used to evaluate diets and protein status by caribou ecotype and herd. We used analysis of variance (ANOVA) and a nested design to evaluate the main effects of ecotype (herd nested in ecotype) on the PC1 of diet and terrain. If there was no effect of ecotype, we examined the main effect of herd (year nested in herd, and foraging site nested in year [Gotelli and Ellison 2004] ). Analysis of covariance was used to examine the proportion of forage groups in the diet (as indexed by microhistology) on d 15 N fiber of each foraging site (X ) by ecotype (Zar 1999) . Linear regression and confidence intervals (95%) were used to assess the effects (b) of the relationships between the proportions of forage groups in the diet on d 15 N fiber . We used a nested ANOVA to examine the main effect of ecotype (same nested design as above with urine sample nested in foraging site) on each isotope (d 15 N body ), we present the mean (X SD ) and range (SD min to max ) of the standard deviation.
Multiple regression (Zar 1999) and an information-theoretic approach (Burnham and Anderson 2002) were used to examine the relationships among characteristics of foraging sites and protein status (i.e., p-UN and D body-urea ). The model set (n 5 8 for each proxy of protein status) included the null model, ecotype, and models derived from primary forages in the diet and characteristics of the diet and terrain (Table 2) . Foraging sites (n 5 32) with data for all variables were included in analysis. Conservative tolerance scores (,0.40) were used to evaluate multicollinearity among the set of independent variables. We used a deviation contrast for the categorical variable (ecotype-Menard 2002). Akaike's information criterion adjusted for small sample sizes (AIC c ) and Akaike's weights (w i s) were used to evaluate the model set. We used coefficients (b), standard errors adjusted for intragroup correlation (i.e., clustered by foraging site [Huber and Ronchetti 2009]) , and 95% confidence intervals (95% CIs) to evaluate parameters from the models with the lowest AIC c and most support (as indicated by w i ).
A Shapiro-Francia test (Zar 1999 ) was used to evaluate the assumption of normality for all comparisons. We defined a 5 0.050 and used Stata 9.2 (StataCorp, College Station, Texas) for all statistical analyses.
RESULTS
We collected 572 urine and 578 fecal samples from 39 foraging sites (Table 1) in the wintering ranges of 4 caribou herds across 3 years (Fig. 2) . Thirty-four percent of the urine samples were either too low in N to be reliably estimated by isotope ratio mass spectrometry or were lost to autosampler malfunction in the isotope ratio mass spectrometry; thus, we estimated protein status from 379 urine samples. We estimated the diet composition and diversity (Table 3) Characteristics of diet and terrain did not differ by ecotype or herd (Table 4) . Lichens typically dominated the diets of migratory and sedentary herds of caribou in all years (68% 6 4.6%, 95% CI, range 5 18-86%, n 5 37; Table 3 ). Foraging sites (1 per year) from the CAH in 2007 and 2008, however, had ,27% lichen in the diet, compared to .47% lichen in the diets at the remaining foraging sites for all herds. Mosses were generally the 2nd most abundant forage group in the diets (14% 6 2.6%, 95% CI, range 5 9-27%; Table 3 ), whereas vascular plants constituted 19% 6 2.8%, 95% CI of the diet (range 5 4-46%). Diversity of the diet increased as the proportion of lichen in the diet decreased (Fig. 3) . Characteristics of the diet at foraging sites (as indexed by PC1 and PC2, 49% and 23% of variance explained, respectively) were driven primarily by the proportion of lichens and mosses in the diet (PC1 diet), diet diversity (PC1 diet), and the proportion of evergreen and deciduous shrubs in the diet (PC2 diet; Fig. 3 ). Regarding terrain characteristics, PC1 (64% of variance explained) was strongly influenced by slope and both vector-ruggedness measures; PC2 (24% of variance explained) was driven primarily by elevation (r 5 0.94). The primary components of diet and terrain at foraging sites (PC1) did not differ between ecotypes or among herds (all P . 0.108), although there were differences between years within herds for PC1 of diet (P 5 0.023; Table 4 ). Except for lichens and graminoids (both F 2,33 . 5.62; both P , 0.025), the proportion of major forages in the diet on d 15 N fiber did not differ for any forage group (all F 2,33 , 2.63; all P . 0.113); groups of major forages in the diet were poor correlates of d 15 N fiber (all F 2,33 , 3.89; all P . 0.057). For lichens and graminoids, however, the directions of the effects were as expected (Fig. 4) (Fig. 5) . Urinary urea was typically depleted in 15 N (24.68% 6 2.67% SD, n 5 465) and exhibited the largest range in d 15 N (211.40-4.92%); it also was the most varied isotopic parameter we measured within each foraging site (X SD 5 1.88%, range 5 0.51-9.23%). The diet was low in 15 N (24.18% 6 0.92% SD, n 5 578), had the smallest range of the 3 isotopic parameters (26.40-21.50%), and was the least varied isotopic parameter we measured within each foraging site (X SD 5 0.44%, range 5 0.24-0.72% (Fig. 5) and proxies of protein status (Figs. 6a and 6b) were different among or between foraging sites within each year (all P , 0.001; Table 4 ).
Both proxies of protein status were correlated with the proportion of shrubs (deciduous and evergreen combined) in the diet (both r 2 , 0.27, both w i 5 1.00; Table 2 ). The amount of shrubs in the diet had a negative effect on p-UN (b 5 24.3 6 2.05, 95% CI; intercept 5 0.9 6 0.34, 95% CI) and a positive effect on D body-urea (b 5 30.4 6 13.68 95% CI; intercept 5 3.3 6 2.03 95% CI ; Fig. 7) ; both relationships indicate that protein status generally improved as the proportion of shrubs in the diet increased.
DISCUSSION
Regardless of the apparent behavioral or demographic differences between caribou ecotypes or among herds, ecotype or herd was not a significant factor for characteristics of the diet and terrain, isotopes of N, or proxies for protein status. The apparent similarity in diets and foraging sites and diversity in d 15 N within and among herds highlighted the generalist nature of Rangifer (Bergerud 1996; Blix 2005) . The extent of the variability in isotopes was unexpected and has important implications for attempting a monitoring program. Small sample sizes and high variance in the isotopes limited our ability to make any inferences from these apparent ''similarities'' at the ecotype or herd level. We also identified a set of concerns that may prohibit the application of the linear-mixing model approach (p-UN) to some populations of caribou at large scales. Additionally, there were inter-and intra-annual differences within herds, and some of those differences had implications to the index of protein status (D body-urea ) of caribou.
Diet and terrain.-Migratory and sedentary caribou consumed similar diets while foraging at physiographically diverse sites. Typical of continental populations of caribou in North America (Boertje 1984; Fischer and Gates 2005; Joly et al. 2007; Russell et al. 1993; Scotter 1967) , the winter diets of these 4 caribou herds were composed primarily of lichens (,78%; Table 3 ). Reductions in consumption of lichens increased the diversity of the diet (Fig. 3) . A mixed diet of lichens and vascular plants provides a diet high in digestible carbohydrates with enough N and minerals for the continued synthesis of ruminal microbes (Ørskov 1992; Storeheier et al. 2002b) . Ingestion of moss could be incidental to lichen consumption or may indicate deteriorating range conditions (Ihl 2010) . Diets of the CAH (2007 ) and CH (2008 did have high levels of moss (20%; Table 3), which suggests that snow or range conditions, or both, may have limited the availability of lichens to these sampled groups of caribou in herds. However, except for 2 foraging sites in the CAH (2007 and 2008) , the amount of lichen in the diets was generally similar to what has been reported previously (DH 5 66% 6 13.4% SD [Boertje 1984 ]; CH 5 58% 6 2.5% SD [Farnell and Gardner 2002] ; and corrected estimate for WAH 5 64% [Joly et al. 2007] ). The interannual differences in the primary characteristics of diet of each herd (PC1 diet; (Fig. 4) (Karasov and Martínez del Rio 2007) . These factors vary with season, landscape processes, plant community structure, and microsite characteristics that affect soil properties and N availability (Kielland and Chapin 1992) .
Consequently, the d
15 N of plants within the same plant and functional group can be highly variable in space and time (Adams and Grierson 2001; Evans 2001) . Indeed, at the smallest spatial scale, the variation of d 15 N diet within foraging sites (X SD range 5 0.24-0.72%) strongly suggested that caribou at a foraging site were consuming isotopically similar diets, whereas the d 15 N diet was generally different among foraging sites within each herd and year (Table 4) . Consequently, caribou at different foraging sites may have consumed compositionally similar diets that were isotopically dissimilar (Fig. 5b) , thus the d 15 N of fecal material may not reflect the forages consumed when animals move among areas that are isotopically diverse Sponheimer et al. 2003; Stewart et al. 2003) .
Urinary urea d In cattle (range 5 23.4-0.7%), urine was depleted by 3.7-5.3% relative to the diet (Knobbe et al. 2006; Sutoh et al. 1987) . Similarly, the urine of llamas (range 5 20.2-3.9%) also was depleted relative to diet but to a smaller degree (range 5 22.1-0.3%- Sponheimer et al. 2003) . For caribou from these 4 herds, there appeared to be no consistent pattern in the depletion of d (Figs. 5a and 5b) . The typically high intra-annual variance in d 15 N urea within each herd (Fig. 5a ) reflects the variance in dietary and endogenous contributions of N to urinary urea, and thus protein status. The amount of 15 N in urinary urea depends principally on N flux and the source of N in urea (Barboza and Parker 2006) . Enzymatic preference for 14 N during amino acid metabolism (Macko et al. 1986 ) typically results in the excretion of urea low in d 15 N (Steele and Daniel 1978) , although this pattern may vary with the supply of amino acids from catabolized protein. Contributions of body N to the pool of urea N are derived primarily from skeletal muscle (Bell et al. 2000; Waterlow 1999) , which is heavier in 15 N than dietary proteins (Kelly 2000) . Although modified by the formation of ammonia and microbial exchanges of N, inputs to the pool of urea N are primarily through the catabolism of amino acids from forages (Morrison 2000) . As catabolism of dietary amino acids and the production of ammonia increase, the d 15 N of the body urea pool begins to reflect that of the diet, and, consequently, isotopically ''light'' urea is excreted in the urine. For example, the highly depleted urea in the urine of some of these caribou (e.g., WAH 2007; Fig. 5a ) suggested that urea was derived largely, if not exclusively, from dietary sources of N. Regardless, the high intra-annual variance d (Fig. 5c ), but there were marked inter-and intra-annual differences within each herd (Table 4) . For caribou in interior and western Alaska, the 
changes in d
15 N body can be small for large herbivores Parker 2006, 2008) . Deposition of body protein primarily occurs in summer, whereas catabolism occurs in late winter through early summer (Chan-McLeod et al. 1999; Gerhart et al. 1996) , although anabolism can occur in late winter if caribou have adequate energy reserves and access to high-protein forages (Barboza and Parker 2008; Parker et al. 2005) . Summer and fall diets high in shrubs (Boertje 1984; Russell et al. 1993) that are low in 15 N (Barnett 1994; could produce the observed lower estimates of d 15 N body (Fig. 5c) . Forage restriction and added demands for energy (e.g., thermoregulation and mobility) or N (e.g., excretion of toxins) may accentuate or ameliorate patterns of enrichment or depletion in body N (Karasov and Martínez del Rio 2007).
Inter-and intra-annual differences (Table 4) reflect the interactions between exogenous inputs throughout the year and the extent to which caribou may rely on endogenous N to meet the demands of maintenance and reproduction.
Isotopic proxies of protein status.-Both metrics of protein status were highly variable between years and among sites within each herd (Fig. 6 ). There are inherent limitations to interpreting the p-UN for wild caribou. We suggest that the D body-urea offers a relative index of protein status that does not require a discrimination factor or an estimate of d 15 N diet , and, correspondingly, we discuss some of the ecological interpretations of our modeling effort.
Parameters of the isotopic model to estimate p-UN were more varied than we expected. p-UN is a proportion and values less than 0 or greater than 1 suggest that the some parameters of the model may be poorly defined (D. D. Gustine, in litt.). We used a simulation model to estimate the p-UN (Gustine et al. 2011a) in an effort to identify potentially unstable estimates. For some samples (n 5 137), the simulated estimates of p-UN did not fall between 0 and 1 (Fig. 6a) . The simplest interpretation of these outliers is that they were from animals in either a severe N deficit (p-UN . 0.46) or rapid N gain (p-UN , 0.46- Barboza and Parker 2006) . However, there was both a directional bias and herd effect for the outliers: the p-UN for most of these unstable samples was ,0 (n 5 101) and typically occurred in the WAH (n 5 75; Fig. 6a ). We are concerned that the factors that clearly affected the p-UN in the WAH also affected the estimates of p-UN in the other herds. We suspect that the actual and potential instability of p-UN was due, in part, to the poor temporal resolution of d 15 N diet . For highly vagile ungulates, such as caribou, that can quickly cross diverse environmental and isotopic gradients, a temporal mismatch between a fecal measure of d 15 N diet estimated for a group of caribou at a foraging site and the urea (thereby d 15 N urea ) deposited by individual caribou at that site is possible. The pool of urea N in the body turns over every 9-12 h (Barboza and Parker 2008) , whereas our measure of d 15 N diet was derived from fecal samples that represented forages consumed within 50-68 h (Lechner et al. 2010) . The urea N derived from diet N also may change quickly between sites as late winter progresses and animals encounter rapidly changing snow conditions and increases in forage availability and possibly quality (Cebrian et al. 2008; Klein 1990 (Figs. 5a and 5b) . Even though our estimates of d 15 N body also were lower for these samples, the highly depleted urea N suggested that the pool of urea N was composed largely of dietary proteins.
We did not observe these complicating factors in applying p-UN to populations of semicaptive caribou and wild muskoxen (Ovibos moschatus- Gustine et al. 2011a Gustine et al. , 2011b . Wild, adult, pregnant caribou that were captured in late winter and kept in a predator exclosure throughout the calving period were given an isotopically distinct diet on an ad libitum feeding schedule. Consequently, some of the unidentified sources of variation we recorded in these wild populations of caribou (i.e., sex, age, reproductive status, and temporal resolution of d 15 N diet ) were tightly controlled within this semicaptive setting. Similarly, wild muskoxen are typically very sedentary throughout winter (Jingfors 1982; Nellemann 1998 ) and depend heavily on local resources. Thus, the previously discussed temporal mismatch between the d 15 N diet and d
15 N urea that we suspect occurred in wild, free-roaming caribou does not likely occur in muskoxen. Although these current constraints may prohibit the application of p-UN to assess protein status in caribou, the d body-urea remains a potentially valuable index of protein status.
As indexed by D body-urea , shrubs constituted a minor but possibly important component in the protein status of caribou. A portion of the observed variance in this index of protein status (r 2 5 0.26) among foraging sites was explained by the amount of shrubs in the diet, which was positively related to D body-urea in caribou across foraging sites (Fig. 7) . Shrubs may be an important source of N to diets that are typically lichenrich and protein-deficient in winter (Storeheier et al. 2002a (Storeheier et al. , 2002b . We recorded a large range in the occurrence of evergreen and deciduous shrubs in the diet for both types of caribou (1-25%; Fig. 7 ), but as others have reported (Boertje 1990; Joly et al. 2007; Russell et al. 1993) , shrubs typically occurred at low levels (X 5 10%; Table 3 ). In the winter, shrubs are higher in N (1.0-1.2%) than lichens (0.4%), mosses (0.9%), and graminoids (0.7%) and generally more digestible (,62%) than forbs (46%), graminoids (54%), and mosses (7% -Boertje 1990) . Although the relationship between D body-urea and the proportion of shrubs in the diet is linear within the observed range, we suspect that the relationship may be asymptotic or Gaussian if the amount of lichen in the diet decreases with an increase in shrubs. Therefore, an increase in the amount of shrubs in the wintering areas of caribou populations may not be beneficial if increased availability of shrubs is associated with a decrease in lichen biomass (Cornelissen et al. 2001) .
Implications to monitoring protein status.-Isotopic monitoring could offer a noninvasive approach to evaluate protein dynamics in wild populations of northern herbivores, but challenges remain in applying the linear-mixing model approach as a tool to monitor populations of highly mobile herbivores. In addition to the previously discussed concerns and inferential problems with random collections of excreta in snow (Gustine et al. 2011a; Saltz et al. 1995) , there are additional sampling and analytical constraints. The extent of the variation in the isotopes, particularly d 15 N urea (Fig. 5) , was unexpected and limited our ability to make any inferences at the ecotype and herd levels (Table 4) . To complicate the high variance we observed in protein status, 190 urine samples could not be used because they were either too low in N to be analyzed or were ''lost'' during isotope ratio mass spectrometry analysis; this reduced our sample size by 34% (Table 1: collected versus analyzed samples of urine). Sample loss was biased by herd and year during a period of warmer and wetter weather (WAH 2007) . Therefore, samples with lower N may be diluted by weather events that could affect the actual protein status of caribou and increase bias in a sample set. Future efforts to collect samples of urine in snow should account for analytical losses of samples and time sample collection well before weather events may dilute samples of urine in snow.
For D body-urea , it may have been more prudent to expand and focus collections within 1 large herd (e.g., WAH) or the 2 smaller herds (CH and DH). For large herds, the value in this approach may to be to compare wintering ranges (e.g., core versus peripheral ranges), habitats (e.g., coastal versus inland physiographies), or foraging conditions (e.g., lichen availability, snow depth, and hardness) among foraging sites within a herd. Acquiring representative samples, however, remains a formidable task for herds that number in tens (CAH) or hundreds (WAH) of thousands of animals (Dau 2009; Lenart 2009 ). Both the p-UN and D body-urea are better suited for smaller and more sedentary herds of ungulates (e.g., muskoxen or mountain sheep [Ovis] ). In addition to addressing most of our concerns detailed above, the logistics and costs of acquiring and analyzing an adequate number of representative samples from smaller herds of more sedentary ungulates to make herd-level inferences would be simpler and lower, respectively.
We presented 2 approaches to monitor protein status and, with further refinement, the D body-urea may prove useful for evaluating foraging conditions at small spatial scales. Despite the aforementioned challenges, we provided the 1st comprehensive data set of isotopic values (dietary, urinary urea, and body N, and protein status) and characteristics of foraging sites of a large herbivore across diverse environmental and physiographic gradients. Although our understanding of protein dynamics in caribou remains poor, the d 15 N urea indicated substantial plasticity in protein metabolism among caribou in late winter. Evaluating other sources of variation in D body-urea and temporal patterns in D body-urea throughout winter, as well as the implications of expanding shrub communities in northern systems, remain important areas of research in the nutritional ecology of caribou.
